In this paper we review recent results obtained for segmented electrode and cylindrical Hall thrusters. A low sputtering graphite segmented electrode, placed at the exit of the annular thruster, is shown to affect the plasma potential distribution in the ceramic channel. This effect appears to be correlated with an observed plume reduction compared to a conventional, nonsegmented thruster. In preliminary experiments a 3 cm thruster was operated in the 50-200 W power range. Two operating regimes, stable and oscillating, were observed and investigated.
Introduction
A conventional Hall thruster is a crossed field discharge device with a coaxial channel, in which an electrostatic acceleration of ions takes place in quasi-neutral plasma. A significant axial electric field is established in the vicinity of the maximum radial magnetic field, typically near the thruster exhaust. The length of the acceleration region and its location relative to the magnetic field distribution depends mainly on the electron mobility and can be strongly affected by material properties of the channel walls, namely, conductivity and secondary electron emission [1] . However, a simple exchange of the channel materials, for example, from ceramic to metal, does not necessarily lead to changes in the beam divergence. The beam divergence is affected by electron pressure gradients and the fringing magnetic field [2] . As a result of large beam divergence, existing Hall thrusters are limited in terms of performance, integration with spacecraft and thruster lifetime.
As an alternative to the conventional use of a channel made from either ceramic or metal, a segmented electrode Hall thruster, which was suggested and studied in refs. [3] [4] [5] [6] uses emissive or low emissive electrodes placed along a ceramic channel in order to control the electric field and localize the acceleration between the electrodes. The results obtained with low emissive electrodes demonstrated a plume reduction of about 20% compared to a conventional non-segmented thruster configuration [4, 5] . In this paper we continue studies of this effect by comparing the plasma potential distribution measured in conventional and segmented electrode configurations. Another possible way to reduce the negative effect of the beam divergence can be achieved in a cylindrical geometry Hall thruster with a cusp magnetic field. This thruster, which can be useful for miniaturization, has no inner parts and therefore, less wall and power losses in the channel. A relatively large 9 cm diameter version of this thruster already demonstrated performance comparable with conventional annular Hall thrusters in the sub-kilowatt power range [7] . Here, we describe recent measurements of a miniaturized 3 cm diameter cylindrical Hall thruster, which was successfully operated in the 50-300 W power range.
Experiments with Segmented Electrode Hall Thruster
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The 9 cm laboratory Hall thruster and test facility used in this study has been described in refs. [3] [4] [5] . Fig. 1 shows this thruster with a 4 mm length segmented electrode, which is placed on the inner channel wall near the thruster exit. The segmented electrode is made from a carboncarbon-fiber graphite material, which has the lowest sputtering yield; less than 10 -3 atoms/ion in Xenon plasmas at ion energies of below 400 eV [8] . The reason for the use of a low sputtering electrode material is to avoid a conductive coating of the outer channel wall, which had been observed in our previous experiments with Tantalum [3] and LaB 6 electrodes [4, 5] . The placement of the graphite segmented electrode relative to the magnetic field distribution is shown in Fig. 2 . In our previous studies this position of the segmented electrode (referred to as NS2) gave maximum plume reduction for the discharge voltages in the range of 200-270 V [4] .
Diagnostic setup
In these experiments, we used a fast movable emissive probe setup to measure the plasma potential distribution inside the thruster channel (Fig. 1) . The emissive probe design is shown in Fig. 3 . It consists of a 1.18 mm diameter double bore alumina tube surrounded by a 1.5 mm diameter molybdenum shield. A 0.25 mm tungsten wire passes through the alumina and is electrolytically etched to 0.1 mm at the probe tip to form a filament. The floating potential of the probe relative to the ground was measured using a 1:100 isolating amplifier and monitored by a PC-based data acquisition system. Fig. 4 shows illustrative profiles of the residence time and the probe immersion speed versus the probe location during the acquisition time. In order to monitor possible plasma perturbations induced by the movable probe [9, 10] , the discharge current was simultaneously monitored by the data acquisition system during the probe movement. 
Anode
Other measurements included mass flow rate, discharge current and voltage, electromagnetic coils current, potential of the floating segmented electrode relative to the ground and current to the cathode biased electrode. Also the angular ion flux distribution was measured by a movable flat Langmuir probe with a guarding sleeve [3] .
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Experimental procedure
The measurements of the plasma potential in conventional and segmented electrode thruster configurations were performed at the same operating conditions, namely, discharge voltage of 250 V and xenon gas flow rate of 1.7 mg/s and a constant magnetic field. In order to provide stable operation we maintained different currents in the inner and outer electromagnetic coils of the thruster.
After the thruster reached steady state, the angular ion flux distribution was measured and integrated to obtain the total ion flux and the plume angle for 90% of the total ion flux [4] . After that, the fast probe was introduced into the channel first near its outer wall with no heating and then with gradually increased heating. At operational heating power, the probe reached saturation values of its floating potential along its trajectory. Keeping this power constant, the probe measurements were repeated several times to characterize reproducibility and estimate average profiles. Next, the probe position was changed in the radial direction and the procedure was repeated. In each thruster configuration potential profiles were measured for 9 radial positions of the probe.
In general, reproducibility of probe measurements was not less than 85%. The major source of irreproducibility was probe-induced perturbations of the thruster discharge, which tended to increase and then saturate as the probe moved toward the anode (Fig. 5 ). The amplitude of the discharge current perturbations could reach 50% of its steady state value. These perturbations appear less than 0.1 sec after the probe immersion and are more substantial at the channel median than near the outer and inner walls. Therefore, it is not clear if they result from probe heating and ablation by electron Hall current [10] or by some other mechanisms (see for example in [11] ). For example, using a stationary probe placed on the outer channel wall, we observed indications on some outward shift of the acceleration region as the fast probe moved towards the anode [12] Note that in addition to perturbations, uncertainties of the emissive probe measurements include a voltage drop across the filament produced by the dc heating power supply (~10 V) and a double sheath formed between hot floating probe and plasma (∆ϕ ≈ T e ) [13] . Table 1 lists integral parameters measured for three different thruster configurations, nonsegmented, segmented biased and segmented floating. Note that the results obtained with floating and biased segmented electrodes are different from those reported in refs. [3, 4] for segmented electrodes made from Tantalum and LaB 6 . For example, the discharge current in the graphite electrode case is, in general, smaller and less affected by the applied bias. In addition, the collecting current to the biased segmented electrode is also smaller. Finally, the total ion flux from the thruster was almost unchanged in all three thruster configurations, while a plume angle reduction obtained with this electrode relative to the nonsegmented thruster configuration was not more than 10 deg, i.e. less than a half of what was reported in ref. [4] for a different magnetic field distribution produced by the electromagnetic coils connected in series in the same thruster. Note that use of different electrode materials might also cause the observed differences. For example, in a recent set of experiments with an additional graphite segmented electrode placed on the outer wall near the thruster exit, we observed a plume angle reduction of about 20 deg, with the inner wall electrode cathode biased. This additional electrode may have served as the equivalent to a conductive coating, which was typically observed in experiments with metal electrodes as a result of their sputtering by ion bombardment [3] [4] [5] . The effect of this outer electrode on the plume and its relevance to the referenced results is currently being investigated.
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Experimental results
Remarkably, the location of the acceleration and ionization region relative to the magnetic field distribution is substantially affected by the single segmented electrode (Figs. 6, 7) . It moves a few millimeters upstream of the channel as compared to non-segmented thruster configuration. As a result, there is a relatively smaller fraction of the voltage drop left outside the thruster channel in the fringing magnetic field. In conventional configuration, about 40-50% of the measured voltage drop is outside the thruster channel. This is in agreement with results of refs. [9, 14] . Note that the bias of the segmented electrode does not substantially change the potential profile as compared to the floating segmented electrode case. One explanation of these results is as follows. Since in both the floating and biased cases, the electrode potential is more negative than the plasma bulk, it collects the ions from the plasma, smoothing the voltage potential distribution along the conductive electrode and making the plasma potential more negative. In this respect, the electrode-collector acts similarly to an emissive electrode emitting electrons from its equipotential surface along magnetic field lines [3, 6, 13] . Most of the voltage drop is still established in a strong magnetic field, but upstream of the segmented electrode. Alternatively, the observed plume reduction may also be related to the localization of the acceleration region in the concave focusing magnetic field.
American Institute of Aeronautics and Astronautics In the first explanation above we assumed that the electrode drives enough ion current to affect the plasma potential in the whole channel. However, it is not clear if the relatively small current measured in the segmented electrode circuit is enough for the observed changes.
Perhaps, there are also other phenomena such as secondary electron emission and near wall conductivity involved in the effect of segmented electrodes. According to ref. [2] , in the thruster channel with metal walls, electron near wall conductivity across the magnetic field is smaller and, as a result, the acceleration region becomes shorter, localized at the thruster exit. Since quite the opposite effect was observed with the segmented electrode at the exit of ceramic channel, it seems that a precise location of the electrode relative to the magnetic field distribution and its dimensions can influence on the formation of the acceleration region either inside or outside the thruster channel.
Preliminary Experiments with Small Cylindrical Hall Thruster
Experimental setup
A 3 cm cylindrical Hall thruster shown in Fig. 8 , was scaled down from a 9 cm cylindrical Hall thruster to operate at ~ 200 W power level [7] . Similar to the large thruster, this miniaturized cylindrical thruster consists of a Boron Nitride ceramic channel, an annular anode, which is also a gas distributor, two electromagnetic coils, and a magnetic core. The overall diameter and length of the thruster are both, 7 cm. A flexible design of this thruster allows variations of the thruster geometry. In this preliminary study we investigated two different thruster configurations, namely, conventional with an annular channel of 2.6 cm length, 2.6 mm OD diameter and 1.4 cm ID American Institute of Aeronautics and Astronautics diameter, and cylindrical with the same OD and the channel length. The channel of the cylindrical thruster features a short annular region, approximately 1 cm long, and longer cylindrical region. Following the ref [7] , the length of the annular region is selected in order to minimize λ ion /L and thus, providing the ionization of the working gas at the boundary of annular and cylindrical regions. The cylindrical region has larger volume to surface ratio, which should decrease power and ion losses, erosion of the thruster parts and heating, especially critical for the magnetic circuit.
Two electromagnetic coils are connected to separate power supplies. The currents in the coils are co-directed in conventional configuration and counter-directed in cylindrical configuration to produce cusp magnetic field with a strong radial component in the channel [7] . Fig. 9 shows the results of magnetic field simulations for the annular and cylindrical thrusters. The magnetic field was measured inside both these thrusters using a miniature Hall probe. For example, for the operating currents of 1.4 A in the back coil and 0.9 ampere in the front coil, the maximum radial magnetic field is 300 Gauss near the exit of the annular thruster at the inner wall. In the cylindrical configuration, the radial magnetic field reaches the maximum, ~ 450 Gauss, a few millimeters from the anode near the inner wall of the short annular part and then reduces towards the thruster exit.
A commercial HeatWave plasma source was used as a cathode-neutralizer. This cathode was able to operate at xenon flow rate of 1.5-2 sccm and sustain the thruster discharge current of 0.2 A with external heating and keeper.
The experiments took place in a 76 cm diameter and 91 cm length vacuum chamber, equipped with a turbo molecular pumping system. The measured pumping speed is about 320 l/s for xenon. At a xenon gas flow rate of 5 SCCM, the background pressure was not less than 0.2 millitorr. A research grade xenon gas is fed from a gas cylinder with a two-stage pressure regulator to anode and cathode. In order to smooth possible fluctuations of the pressure, a stagnation cylinder was included in the feed line between the regulator and flow controllers. Two commercial flow controllers, 0-10 sccm and 0-15 sccm, volumetrically calibrated in the flow rate range of 1-5 sccm, were used for anode and cathode, respectively.
Diagnostics for this set of micro thruster experiments included dc and ac electrical measurements and ion flux by a collector biased -30 V relative to the ground. 
Thruster axis
The 3 cm Hall thruster was operated at the discharge voltages of 150 -300 V and xenon mass flow rates of 2 -4 mg/s. Note that in these experiments the flow rate was constrained by the pumping capabilities of the vacuum system. As a result, the thruster was not operated at the designed level for the mass flow rates of 0.7-1 mg/s. The cathode placement was near the thruster exit at the 90 deg angle to the thruster axis. It was found that this placement enables an easier thruster start-up than shown in Fig. 8 .
Thruster axis
For both cylindrical and annular configurations, two qualitatively distinct regimes of operation, referred below to as unstable and stable, were observed in the measured range of the discharge voltage and the gas flow rate. The unstable regime is characterized by the presence of strong 1 kHz-range discharge current oscillations, while the stable regime is quiescent in this frequency range. Fig. 10 shows operation of the cylindrical thruster in these regimes. In addition, Fig. 11 shows typical traces of the discharge current in the unstable regime. Physical mechanisms, which could cause this unstable behavior, are
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Since an increase of the gas flow rate usually switched the thruster to stable operating regimes, the instability may be affected by low mass flow rates used in these experiments. Interestingly, depending on the initial conditions of the thruster start-up, the discharge can be brought to either stable or unstable regime with the same coil currents, discharge voltage, and cathode and anode gas flows. The physical phenomena behind this bifurcation is not clear.
In stable operating regimes, the dependence of the discharge current on the magnetic field is similar to large conventional Hall thrusters. As can be seen in Fig. 12 , there exists an optimal magnetic field at which the discharge current is minimal. An increase of the magnetic field above this optimal value affects discharge current oscillations of ~50 kHz, Fig 13, which are probably related to ionization instabilities [15] in the scaled down thruster. With the cylindrical thruster, the difficulty sustaining a discharge, while adjusting the magnetic coil currents, was frequently experienced. As a result, it was not always possible to minimize the discharge current by varying the currents in the electromagnetic coils. Fig. 12 The effect of the magnetic field on the discharge current for the annular 3 cm thruster. Illustrative curves of voltage versus current characteristics measured in stable and unstable regimes for both thruster configurations are shown in Fig 14. Although the discharge current for the annular thruster in the stable regime is somewhat smaller than for the cylindrical, its ratio to the equivalent gas flow current corrected for the background pressure effect is almost 3 times higher than the corresponding ratios for large annular and cylindrical Hall thrusters, ~ 1.1-1.5 [1, 7] . Thus, there is a significant fraction of the axial electron current in the total discharge current for both miniaturized thruster configurations. In addition to the background gas effect and possible issues associated with heating of the magnetic circuit, non-uniform discharge structures observed in stable regimes on the anode surface, could also enhance electron transport across the radial magnetic field. The use of a low sputtering segmented electrode made from a graphite material enabled stable and repeatable operation of the segmented electrode Hall thruster. Measurements of the plasma potential distribution revealed a strong effect of the non emissive electrode placed on the inner wall at the thruster exit on the formation of the acceleration region in the whole thruster channel and even outside it. In particular, for the segmented electrode thruster, a fraction of the voltage potential drop established in the defocusing fringing magnetic field is about 15-20 % of the applied discharge voltage, while in the conventional non-segmented thruster case it achieves 40-50%. Note that this substantially smaller fraction of the voltage potential drop outside the channel of the segmented thruster led only to a 10 deg plume angle reduction as compared to the non-segmented thruster. Thus, there are other stronger mechanisms causing a large plume angle in Hall thrusters. Perhaps, some of these mechanisms can be still controlled through a precise placement of more than one electrode along the channel. Indeed, in a set of recent experiments with two segmented electrodes, which were placed at the thruster exit on the inner and outer channel walls, a 20 deg plume reduction was measured. To overcome scaling down difficulties caused by the beam divergence in Hall thrusters, a cylindrical geometry Hall thruster can be useful. A 3 cm miniaturized cylindrical thruster was developed and operated. Discharge characteristics of this thruster were comparable to those measured for the annular thruster of the same overall dimensions. Two operating modes, stable and unstable, were observed at various discharge voltages and gas flow rates in both thruster configurations. At certain conditions, a bifurcation of the thruster operation can take place. These interesting regime of the miniaturized thruster, which may be relevant to fundamental scaling down limitations of Hall thrusters, is currently being investigated.
